ABSTRACT: Gold nanorod supercrystals have been widely employed for the detection of relevant bioanalytes with detection limits ranging from nano-to picomolar levels, confirming the promising nature of these structures for biosensing. Even though a relationship between the height of the supercrystal (i.e., the number of stacked nanorod layers) and the enhancement factor has been proposed, no systematic study has been reported. In order to tackle this problem, we prepared gold nanorod supercrystals with varying numbers of stacked layers and analyzed them extensively by atomic force microscopy, electron microscopy and surface enhanced Raman scattering. The experimental results were compared to numerical simulations performed on real-size supercrystals composed of thousands of nanorod building blocks. Analysis of the hot spot distribution in the simulated supercrystals showed the presence of standing waves that were distributed at different depths, depending on the number of layers in each supercrystal. On the basis of these theoretical results, we interpreted the experimental data in terms of analyte penetration into the topmost layer only, which indicates that diffusion to the interior of the supercrystals would be crucial if the complete field enhancement produced by the stacked nanorods is to be exploited. We propose that our conclusions will be of high relevance in the design of next generation plasmonic devices.
G old nanoparticles display exciting optical properties in the visible and near-IR spectral regions due to localized surface plasmon resonances that can be precisely tuned through variations in particle shape and size. 1−4 Additionally, the organization of gold nanoparticles into ensembles leads to the emergence of new plasmon resonances unattainable by the individual particles, and the resulting optical properties can be further tuned and even amplified. 5−8 Gold nanorods (GNR) are one of the most relevant shapes due to the ease of synthesis, the possibility to form highly organized structures trough directed self-assembly and tunability of the optical properties across a broad spectral range by aspect ratio variation. 2,9−11 Therefore, supercrystal structures made of GNR find a broad interest in fields ranging from sensor design to catalysis and light harvesting systems and are particularly interesting in plasmon enhanced spectroscopy. 12−18 In particular, surface enhanced Raman scattering (SERS) is a vibrational spectroscopy technique furnishing chemical fingerprint-like information on a substance of interest, which can be detected with a high sensitivity at the surface of plasmonic nanostructures. 19, 20 The enhancement of the otherwise extremely weak Raman signal requires strong electromagnetic fields in the vicinity of the analyte and these conditions are achieved at the surface of plasmonic nanostructures. Such strong electric fields at plasmonic surfaces can be achieved by inducing coupling of plasmon modes between closely spaced nanoparticles, creating so-called "hotspots". 5, 6, 12, 21, 22 Previous studies showed that among all possible GNR packing and orientations, 3D colloidal crystals (i.e., supercrystals) are one of the most promising architectures for enhancing Raman scattering. 23−25 Indeed, the intralamellar hexagonal order maximizes the number and density of the formed hotspots and their homogeneous distribution permits more reproducible and quantitative SERS measurements. During the last five years, several research groups reported the detection of relevant bioanalytes using GNR supercrystals as SERS substrates, with a detection limit ranging from nanomolar to picomolar concentrations, which confirms the suitability of these structures toward biosensing. 24, 26, 27 For example, Xion et al. demonstrated femtomolar detection of food contaminants on a GNR monolayer. 26 Our group has shown attomolar detection of scrambled prions in blood and serum, supported on micron-scale supercrystals containing a large number of stacked GNR layers. 24 Even though a relationship between the height of the supercrystal (i.e., the number of stacked GNR) and the enhancement factor (EF) of those architectures has been suggested, a systematic study, including detailed simulations, is still lacking. Therefore, a better understanding of such effects is of great interest and would pave the way toward an optimized architecture design.
In the present work, we carried out a careful SERS investigation on supercrystals comprising different numbers of stacked layers. This systematic study relied on the fabrication by drop casting of highly organized GNR assemblies, thanks to a particular amphiphilic alkanethiolate coating. 28−30 Correlated electron and atomic force microscopies, as well as Raman scattering spectroscopy, were used to characterize the organization and optical properties of the supercrystals, respectively. Importantly, the experimental results are supported by an ad hoc implementation of the full-wave numerical method recently introduced in the context of nanoplasmonics, 31 which is based on the surface integral equationmethod of moments (MoM) and the multilevel fast multipole algorithm (MLFMA). 31−33 It must be emphasized that rigorous modeling of such large-scale, densely packed nanoparticle arrangements is highly challenging, even when using the most advanced available surface integral equation techniques, let alone solving it with volumetric approaches. We exploited here the repetition pattern, taking into account the periodicity inherent to these structures but without resorting to infinitestructure approximations, which would omit edge effects. 32 Furthermore, the rank-deficient nearest-neighbor couplings of quasi-electrostatic nature due to the deep subwavelength overpopulated surface meshes required in plasmonics are algebraically compressed. Overall, the dramatic reduction in computational cost (regarding both runtime and memory) achieved with this method allowed us to simulate supercrystals composed of tens of thousands of GNR building blocks, thereby allowing us to accurately predict the scattering response from a complex plasmonic system with dimensionally realistic simulation boxes.
■ RESULT AND DISCUSSION
Gold nanorods (58 ± 5 nm long; 17 ± 2 nm thick) were synthesized according to previously reported protocols ( Figure  S1 ). 34, 35 Importantly, the as-synthesized GNR were monodisperse in size, resulting in the spontaneous formation of supercrystals upon drying. However, because the morphology and intralamella organization of the supercrystals were difficult to control, the GNR were coated with an amphiphilic alkanethiolate (1-mercaptoundec-11-yl)hexa(ethylene glycol), denoted here as MUDOL ( Figures S2 and S3 ).
28−30
Remarkably, not all GNR were found to orient perpendicular to the substrate, but the obtained supercrystals were found to be rather monodisperse in terms of lateral dimensions, with a quasi-circular shape of about 4 μm in diameter, regardless of the initial GNR concentration used for drop casting ( Figures S4  and S5 ). Within the same casting experiment, a larger number of stacked layers were usually found closer to the edge of the drop, most likely because of the well-known coffee stain effect ( Figure S6 
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The structure and local organization of the nanorods within the supercrystals was thoroughly investigated, as summarized in Figure 1 . The hexagonal intralamellae order of the nanorods was observed by scanning electron microscopy (SEM; Figure  1A ), and atomic force microscopy (AFM), high angle annular dark field scanning transmission electron microscopy (HAADF-STEM), and electron tomography (Figure 1B−F) confirmed the SEM observations. AFM images revealed a small degree of roughness at the surface of the supercrystals, which may arise from a slight polydispersity in the length of the GNR or from some roughness in the glass support. In HAADF-STEM, however, the substrate roughness was considerably lower and additionally allowed the precise determination of the separation distances between adjacent nanorods within a single layer, which was found to be 2 nm ( Figure 1C ). Remarkably, Moireí nterference patterns in images of multilayers were observed due to a small degree of rotational offset between two neighboring layers, 36, 37 demonstrating the quasi-crystalline symmetry of the GNR multilayer assemblies ( Figure 1D ,E). The 6-fold symmetry in a hexagonal lattice implies that each 30°rotation is equivalent to a 0°rotation; therefore, the Moireṕ atterns in Figure 1D ,E correspond to a misorientation angle of 8°and 18°, respectively. Three-dimensional characterization of the supercrystals by electron tomography confirmed the misorientation of the GNR layers, as well as ABA-type stacking, which could be used as an input for modeling studies or during the interpretation of optical properties. A movie is also provided in the Supporting Information. The Moiréinterfer-ence patterns were found to be different from one supercrystal to another, meaning that the misorientation angle between two layers was not always the same ( Figure 1D ,E). A similar aperiodicity has been reported for semiconductor (CdS) nanorod supercrystals, suggesting a strong similarity in the formation mechanism for semiconductor and gold nanorod supercrystals. Ryan and co-workers explained the formation of CdS nanorod superstructures by a primary assembly of ordered sheets in solution followed by a layer-by-layer process in which each monolayer would randomly settle on top of another, which may well be the case here (discussion on the supercrystal formation mechanism is out of the scope of the present work). 36 Next, aiming at the study of the optical properties of the GNR supercrystals, dark field microspectroscopy, electron energy loss spectroscopy (EELS), and SERS were conducted. It should be mentioned that the dark field measurements were not conclusive and thus are not represented here. Indeed, it is likely that the nanorods are too close to each other, so that the (multi)layer system would behave as a continuous film in far field. Nonetheless, the optical properties of the supercrystals were described by means of EELS and SERS so as to map the spatial distribution of the plasmon modes and the electric field enhancements, respectively. The EELS experiments were carried out on monolayers and bilayers and hotspots could be clearly identified at the gaps between nanorods. A strong peak for monolayers located around 500−550 nm was noted ( Figure S8 ), whereas three peaks were observed in the case of the bilayer, one around 500−550 nm and two others that were red-shifted toward 690−890 nm ( Figure S9 ). Although interpretation of these results is far from straightforward, a clear difference can be appreciated between the response of monolayers and bilayers, which is likely related to field enhancement distributions as discussed below.
The optical properties of the supercrystals were further investigated through their SERS performance, as shown in Figure 2 . Prior to SERS analysis, the substrates were cleaned by Ar + plasma treatment to remove organic material deposited on top of the supercrystals, which could interfere with the measurements. Details and comparison between different cleaning procedures are provided in the Supporting Information ( Figure S7 ). Crystal violet (CV) was selected as a model analyte because of its well-known chemical and physical features. After plasma cleaning, CV was drop casted on the supercrystals, and SERS mappings were recorded at various positions of the substrate. CV deposition was considered to be uniform, taking into account the small region of interest, so that all supercrystals were similarly covered by the analyte as required for a meaningful comparison of the SERS intensities. Importantly, the SERS measurements were performed prior to structural characterization, as both the electron beam in SEM and the tip in AFM could eventually charge, contaminate or damage the surface of the supercrystals. This systematic optical and structural characterization was carried out on a large number of supercrystals with different numbers of layers on the same drop casted sample (for each selected number of layers at least 10 different supercrystals were identified and measured). We focused on supercrystals containing up to three layers. Figure 2A shows a schematic representation of the mono-, bi-, and trilayered supercrystals and their systematic characterization by SEM, AFM, and SERS. In particular, height profiles measured in AFM were found to be in agreement with multiple values of the average GNR length, thereby confirming the 
Article lamellar order within the supercrystals and allowing us to precisely determine the number of layers in each GNR supercrystal. Indeed, heights of 58, 117 and 174 nm were measured precisely corresponding to one, two and three times the average rod length, respectively ( Figure 2B ). All measurements were performed at an excitation wavelength of 633 nm, which matches the absorption band of CV, meaning that we actually measure surface enhanced resonant Raman scattering (SERRS). SERRS images were acquired by mapping the spatial dependence of SERRS intensity integrated over the shift range of 1618−1632 cm −1 , corresponding to the most intense vibrational peak of CV. Remarkably, in all cases the SERRS signal intensity was uniform throughout the entire supercrystal surface and only the chemical fingerprint of CV was detected, with an average maximum intensity of 700 counts ( Figure 2C) . Note that the intensity of the signal was relatively high taking into account the small integration time (500 ms) and low laser power (0.01 mW) used in this experiment. Another important issue that needs to be considered is the presence of edge effects, which can significantly affect the collection and interpretation of the SERRS data. In this respect it is important to underline that the laser spot size (λ = 633 nm) was around 1 μm in diameter, that is, substantially smaller than the dimensions of the supercrystals. The hexagonal packing of the nanorods was confirmed in all cases on the top layer of the supercrystals (Figure 1 ). Although small height variations were noted on the supercrystal surface by AFM, these did not impact the measured SERRS signal. On the other hand, anomalously higher intensity spots in the SERRS mapping images corresponded to spherical byproducts or randomly oriented GNR on the supercrystal upper surface ( Figure S10 ), which may lead to the presence of additional plasmon modes. Two important conclusions can be drawn from this analysis: first, SERRS mappings were crucial to assess the homogeneity of the field enhancement within GNR supercrystals, as higher signals are recorded on local defects (i.e., single point measurements are not reliable); second, increasing the number of layers in a GNR supercrystal not necessarily represents a benefit for the SERRS signal in this case. Additional SERS measurements on supercrystals comprising up to nine layers are displayed in the Supporting Information, showing that in all cases the maximum SERRS intensity was uniform at near 700 counts, regardless of the total number of stacking layers (Figures S10−S11). The analytical enhancement factor of these supercrystals was determined to be 1.23 × 10 7 and was calculated as the ratio between the Raman scattering intensity of CV in the presence and in the absence of GNR supercrystal, using the same experimental parameters. 38 To better understand the experimental results, we carried out detailed electromagnetic simulations based on MLFMA-MoM to determine the local electric field distribution and SERRS intensity for supercrystals comprising one, two, and three monolayers, but also trying to estimate the effect of additional layers. In the experiments, over 1000 GNRs contribute to the optical excitation in the focal volume of the laser beam. We thus aimed at simulating supercrystals composed of a large number of nanorods, so as to closely describe this complex system. Specifically, 3600 GNR were used for a monolayer (≈3500 in a real system), 7200 GNR for bilayers (≈7000 in a real system), 10800 for trilayers (≈10000 in a real system), and 14400 for tetralayers (≈14000 in a real system). It is important to stress that the number of unknowns in the calculation of the tetralayer case was above 47.6 million, which is far beyond the computational limits that have been reported so far in the literature. 32 Even though modeling of supercrystals with even larger dimensions was possible, it was considered impractical due to the high computational cost (ca. 5 h per wavelength were required for the tetralayer case, on a workstation with four 8-core Intel Xeon E7−4820 processors at 2 GHz). Simulations were carried out considering illumination at normal incidence (parallel to the GNR long axis) and linear polarization in the plane of the substrate. In the simulation, the incident light was focused onto the crystal surface with a numerical aperture of 0.85, in accordance with the experimental setup. In order to simulate the lens effect as real as possible we superposed two incident polarized plane waves impinging from opposite azimuthal directions (ϕ inc and ϕ inc + π), both with the same elevation angle, defined from the numerical aperture (NA = 0.85) as the angle between the wave direction and the normal to the crystal surface, ϕ inc = arcsin(NA). Additionally, the resulting incident field is tapered by a two-dimensional Gaussian window with zero mean and standard deviation 0.15λ inc . In this way we get a simple and realistic model for the incident field, avoiding the use of paraxial approximations. For further similarity with the experimental system, we considered GNR with octagonal cross section and dimensions of 58 nm in length and 17 nm in width, with a fixed distance between rods in the supercrystals of 2 nm, according to previous reports. 28, 29, 39 We simulated GNR supercrystals having a missorientation angle of 15°between two layers and an ABAB-type interlamellar packing, in an attempt to simulate the real experimental system.
The SERS intensity was simply calculated as |E (633 nm)| 4 and was not only determined on the surface of the nanostructures, but also inside, which allowed us to evaluate the hotspot distribution and intensity, as a function of the number of layers (Figure 3) . Interestingly, the results indicate that SERS enhancement was essentially the same at the surface of all supercrystals, around 10 4 , and was higher at the gaps between nanorods, suggesting that the analyte would need to diffuse into the space between the nanorods if a more sensitive SERS detection were to be achieved (Figure 3) . We therefore selected an analyte penetration depth of about 8 nm into the structures, in order to obtain comparable results between simulations and experiments, where we assumed that cleaning of the supercrystal surface by Ar + plasma treatment leads to improved penetration of the analyte in the GNR structure. Additionally, the arrangement of the nanorods was observed to originate standing waves, which were distributed at different resonant depths according to the number of layers composing the supercrystals. 31 In this respect, more intense hotspots were distributed at various locations for different supercrystals: maximum hotspot intensity was higher at the bottom side of a monolayer, but higher on the top for a bilayer, at the middle layer for the trilayer and higher at the top layer for the tetralayer case ( Figure 3A−D) . In general, it could be stated that supercrystals comprising an odd number of layers display maximum enhancement at the inner structure, whereas supercrystals comprising an even number of layers have maximum enhancement at the very top, suggesting a symmetry effect on hotspot localization. The enhancement at the top layer was found to depend on the standing-wave pattern associated with the combination of the incident wave and the wave reflected at the bottom of the crystal. Therefore, this enhancement depends on the total depth of the structure (which in turn depends on the length of the nanorods, the
Article interlamellae distance, and the number of layers) and the wavelength of the laser that is being used. In our particular case, maximum enhancement occurring at the top layer was found for supercrystals with an odd number of layers but could also appear for an even number, if the above-mentioned parameters were varied. The enhancement versus depth dependence follows a standing-wave pattern that can be clearly observed in the provided movies (S3, S4, S5, S6).
In the simulation, we characterized standing wave patterns that in turn increased the total number of hotspots within the supercrystals as the number of layers was increased, thus, we may expect an increase in the signal of multilayers compared to monolayers. However, this is not in agreement with the experiment, in which all supercrystals yielded similar SERRS intensity, regardless of the number of layers. Again, this is likely to be related to the limited penetration of the analyte (about 8 nm deep in the first layer), as the self-assembled monolayer comprises MUDOL at the GNR surface, and the alkyl chains are likely to interdigitate so as to maintain the close packing, thereby precluding diffusion of the analyte within the structure. It is worth noting that the mismatch between the EF obtained in the experiment (near 10 7 ) and in the simulation (around 10 5 ) can be explained by the additional chemical enhancement and due to the resonance matching of CV at 633 nm in the experiment (SERRS vs SERS).
As stated above, we find that the measured SERS signal of an analyte on a GNR supercrystal arises from the upper layer only.
We therefore calculated the SERS enhancement at the upper surface of the supercrystals, as a function of the excitation wavelength. In agreement with the experiment, when an excitation wavelength of 633 nm is used, the SERS signal is found to be almost identical for all supercrystals (Figure 4) . Interestingly, in the spectral region considered, a maximum SERS signal at 580 nm was obtained for monolayers whereas for the trilayer the maximum shifted toward the IR region. A maximum was observed for bilayers at 710 nm, which is close to the maximum determined at 680 nm for tetralayer supercrystals. Therefore, the near field simulation confirms that the standing wave pattern strongly depends on the frequency of the incident light. In light of these simulations, we carried out an additional SERS investigation at 785 nm (Figures S12 and S13). A clear trend was observed showing that monolayers lead to 2-fold smaller SERS signal than multilayers, confirming the results of the simulations (Figure 4) . It is worth noting that the difference of signal between monolayers and bilayers is less than the predicted 100-fold. It is important to take into account that this near field plot only considers the enhancement factor at a horizontal plane, 8 nm deep in the upper layer, whereas an integration in three dimensions would better describe the system. In our case, this was not attempted because of the high computational cost. Note that small difference between the experiment and the simulation parameters can lead to significant variations in the standing wave pattern even if the model aims at describing as close as possible a GNR supercrystal. Overall, the measured SERS signal was the same for all supercrystals at 633 nm excitation, in good agreement with the simulation, but variations of the signal at 785 nm excitation were found between monolayers and multilayers.
■ CONCLUSIONS
Robust plasmonic substrates displaying a high level of organization, with orientation of gold nanorods perpendicular to the substrate, were obtained by simple drop casting. The structural and optical properties of such GNR supercrystals were investigated by various microscopy and spectroscopy techniques, with the objective to investigate the relation 
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Article between the number of monolayers in GNR supercrystals and their performance in Raman scattering enhancement. The results showed that the SERS signal on gold nanorod supercrystals is very homogeneous when using an excitation wavelength of 633 nm, regardless of the number of layers, whereas variations can be observed at 785 nm. The experimental results were supported by accurate full-wave electromagnetic simulations using the M 3 solver. This is an ad hoc implementation of MLFMA, 32 yielding a dramatic reduction of the required memory footprint as plasmonic systems up to 47.6 million unknowns were simulated with a very small memory footprint of around ∼2 GB. This high performance computational study predicted the presence of a dense distribution of hotspots at different resonant depths depending on the number of GNR layers. Overall, the results were interpreted by considering a short penetration depth of the analyte between the nanorod gaps, only at the upper layer of all GNR supercrystals. Simulations were additionally used to predict further enhancements at different excitation wavelengths that could not be measured on our experimental setup but open possibilities to further studies. Improvements on supercrystal design allowing analyte diffusion are predicted to yield significantly higher enhancements that could pave the ways for next generation plasmonic devices, not only in sensor design, but also in other fields such as catalysis or light harvesting systems.
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